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ABSTRACT 

Galaxy shapes are subject to distortions due to the tidal field of the Universe. The 
cross-correlation of galaxy leasing with the leasing of the Cosmic Microwave Back¬ 
ground (CMB) cannot easily be separated from the cross-correlation of galaxy intrin¬ 
sic shapes with CMB leasing. Previous work suggested that the intrinsic alignment 
contamination can be 15% of this cross-spectrum for the CFHT Stripe 82 (CS82) and 
Atacama Cosmology Telescope surveys. Here we re-examine these estimates using up- 
to-date observational constraints of intrinsic alignments at a redshift more similar to 
that of CS82 galaxies. We find a ~ 10% contamination of the cross-spectrum from 
red galaxies, with Ri 3% uncertainty due to uncertainties in the redshift distribution 
of source galaxies and the modelling of the spectral energy distribution. Blue galax¬ 
ies are consistent with being unaligned, but could contaminate the cross-spectrum 
by an additional 9.5% within current 95% confidence levels. While our fiducial esti¬ 
mate of alignment contamination is similar to previous work, our work suggests that 
the relevance of alignments for CMB lensing-galaxy lensing cross-correlation remains 
largely unconstrained. Little information is currently available about alignments at 
z > 1.2. We consider the upper limiting case where all z > 1.2 galaxies are aligned 
with the same strength as low redshift luminous red galaxies, finding as much as ~ 
60% contamination. 

Key words: gravitational lensing: weak - cosmology: cosmic background radiation, 
large-scale structure of Universe 


1 INTRODUCTION 

Large-scale tidal forces stretch galaxy ellipsoids ( Catelan. Kamionkowski fc Blandfordll200lh . elongating their shapes in the 
direction of nearby overdensities . This stretching resul t s in a net projected ellipticity that contaminates weak gravitational 
lensing, “shear”, measurements ( Hirata fc Seliakll2004l . I201C ). While le nsing by the intervening matter creates a tangential 


alignment of background source galaxies around the lens ( Kaiser 1992l l. tides have the opposite effect, typical ly leading to 


a radi al alignment of sources towards overd ensities. Alignments across large separations were first measured bv iBrown et al. 


1 2002h . with a subsequen t confirmation by MjJ 3 delbanriL_et_aL (2QQE ). This signal was shown to ar ise from the alignment 
of luminous red galaxies ( Hirata et afj 2007 Jjo^him^^^J 20jjJJSmgji ^^far^^ fc More 2014 ), while it has not been 


detected for late-type galaxies fe.g. iMandelbaum et al.ll201ll : iHevmans et al.ll2013l L For this population, it is expected that 
the tidal field of the Universe would perturb the orientation of the disk by ap plying a torque on the galaxy angular mo¬ 
mentum, which resul ts in a smaller degree of alignment than for red galaxies (ICatelan. Kamionkowski fc BlandfordI 12001 


Hirata fc SeliakI 2004l l . For a review on intrinsic alignments see Troxel fc Ishak ( 2014bl L 


Shear from gravitational lensing and from intrinsic alignments are hard to disentangle; the signals have opposite signs 
and the cross-spectrum of the shear and density field correlation is thus reduced by the contribution of alignments. Upcoming 
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2 Chisari et al. 


imaging surveys, such as and LS'S'20, will attempt to constrain the equation of state of dark energy by measuring 

the shapes of billions of galaxies to determine the lensing due to the i ntervening matte r distribution. Potential biases in 
these constraints from intrinsic alignment contaminat ion are significant jK irk et all 2012|) and several techniques have been 
pro posed to min i mize the impact of these alignments I Joachimi fc Schneider! 20ld : Joachimi fc Bridle 2O10l : Zhang 201011 . 

Hand et al. 1 2015h made the first measurement of the cross-correlation of galaxy lensing with the lensing of the CMB. 
This measurement constrains structure formation at intermediate redshifts, and it is advantageous due to t he fact that 


the sy stematics in the galaxy shape measurement and in the CMB fluctuations cancel out in cross-correlation. iHand et al, 
( 2015fl initially found a discrepancy between the predicted am plitude of the cross- correlation signal {A = 1) and the best 


£t amplitude; y^wMAP _ q q 23 WMAPO cosmology ( Hinshaw et al. 2013l ~l and = 0 . 6 I ± 0.19 for Planck 

cosmological parameters llPlanck Collaboration et al.l l2014l l . They suggested that this discrepan cy could be expl ained by 
uncertainties in the photometric redshift distribution of the galaxy sample from the CS82 survey dShan et al.ll20M). With a 


re-ana lysis of the data which improved on the normalization procedure for shear maps, these amplitudes derived in iHand et al, 
I 2015h have now be e n upda ted t o ^wmap ^ q gg ^ q 22 and = 0.78 ± 0.18. 


Troxel fc IshakI (l2014al f and iHall fc Tavlon (l2014l ~) suggested that the contamination of intrinsic alignments could explain 


part of the original discrepancy in the amplitude of the measured cross-correlation relative to expectations from WMAP9 
and Planck. They estimated a contamination of 15% from intrinsic alignments to the cross-correlation of galaxy shapes and 
CMB lensing. However, these estimates were based on assuming th at all galaxies in the CS82 survey are sub j ect to intrinsic 
align ments with an amplitude given by the SuperCOSMOS survey I Brown et al. 20021 : Hirata fc Seliak 2004; Bridle fc Kind 
20071 1. This amplitude was measured for all galaxies in SuperCOSMOS down to a magnitude of bj ^ 20.5 over an area of 
10,000 deg^. State-of-the-art observations of intrinsic shape correlat ions suggest tha t only early-type galaxies are subject to 
alignments within current observational uncertainties. For example, Hevmans et al. 1 2013tl measured intrinsic alignments in 
the CFHTLenS survey, classifying them as early and late-type us ing their best fi t spec tral template. This results in 80% of 
the galaxies in their catalogue being late-type. For these galaxies, Hevmans et al. I J2OI3II find no indication o f intrinsic shape 
correlations, while these correlations are detected at the 3cr level for early-types. iMandelbaum et al.l 11201111 also found blue 
galaxy alignments to be consi stent with null for an intermediate redshift sample with imaging from the Sloan Digital Sky 
Surv ey ( Eisenstein et al. 2001 . SDSS) and spectroscopic redshifts from the WiggleZ Dark Energy Su rvey ( Parkinson et al.l 
2012h . We can expect that similarly, in the CS82 survey, the majority of the galaxies will be late-types ( SiTOteviTet'^n 200 il l . 


Moreover, the intrinsic alignment amplitude is observed to depend on galaxy luminosity (lHirata^.et_^ loQ^ i , and it has now 


been measured to much higher redshift than for SuperCOSMOS ( Joachimi et al. 2011 : Singh. Mandelbaum fc Morel 2014 1. 
Hence, a more accurate model for the contamination from alignments to the CMB lensing-galaxy lensing cross-correlation 
should include the modelling of the fraction of early-type galaxies in CS82 and their intrinsic alignment strength as a function 
of luminosity and redshif t. 

Recently, Liu fc 


of Planck and CFHTLenS 


20151 1 measured the cross-correlation of CMB lensing and galaxy-lensing using from the combination 
They found a larger discrep ancy between the e xpected amplitude of CMB lensing-galaxy lensing 


cross-correlation and their measurements than found in Hand et al. ( 2015ll . This is quantified by = 0.52 ± 0.26 and 

Alhis*' — 0-44 ± 0.22, assuming WMAP9 and Planck cosmologies, respective ly. These authors sugg est t hat possible reasons 
for the devitation of A from 1 are: intrinsic alignments (15% relying on the Troxel fc Ishak 2014al and Hall fc Tavlor 20141 
estimates), masking of thermal Sunyaev-Zeld’ovich clusters in the CMB lensing reconstruction (10%), photometric redshift 
uncertainties (10%) and unknown multiplicative biases in the CFHTLenS shear calibration. 

In this work, we use a model for the early-type galaxy population and their alignments in the redshift range spanned 
by the CS82 survey an d we give a new e stimate of the contamination from alignments to the galaxy lensing-CMB lensing 
cross-correlation to the lHand et al.l (120151 ) results. Section 0 introduces the intrinsic alignm e nt mo del. Section [3] describes the 
modeling of the red galaxy population based on the approach proposed by Joachimi et al. 1 201ll 'l. In Section [H we estimate 
the contamination of intrinsic alignments to the cross-correlation of galaxy shapes with CMB len sing. Finally, we list some of 


the limitations for future surveys in Section [5] Throughout this paper, we assume the following iPlanck Collaboration et al. 


1 2 OI 5 I) fiducial cosmology: = 0.022, = 0.12, h = 0.67, Hk = 0, A,, = 2.2 x 10"®, = 0.9645, kp = 0.05 Mpc"^ 

and we define Dm = + Hcdm- 

We will generally refer to early-type galaxies as “red” galaxies, although the model presented in Section [3] considers the 
possibility that these galaxies maintain a small co nstant star formation rate. It is known that a small fraction (-^ 6%) of 
low-redshift early-type galaxies display blue colors ( Schawinski et al. 2009h . While it is possible that blue early-types are also 
subject to alignments , the o verall alignment strength of blue galaxies is consistent with null up to « = 1.3 ( Mandelbaum et al.l 
2011 : Hevmans et al.l 20131) and so we do not consider them as contaminants in general. We discuss the details of this 
assumption in Section [4] 


http://sci.esa.int/euclid/ 
http://www.Isst.org/lsst/ 
http://www.cfhtlens.org 
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Early-type galaxy alignments and CMB lensing 3 


2 INTRINSIC ALIGNMENT MODEL AND WEAK GRAVITATIONAL LENSING 


The intrinsic alignments of ellipsoid al galaxies are manifested in a change of t he ell ipticity of the g a laxy caused by the 
tidal field of the Universe. Following ICatelan, Kamionkowski fc BlandfordI 1 200 ll i and iHirata fc SeliakI (2004), the intrinsic 
shape-matter overdensity cross-power spectrum can be modeled by 


Psi{k,z) = - 


Al{{Lr))ClPcTit^ n 

W) 


■Ps{k,z), 


( 1 ) 


where D{z) is the growth function of matter fluctuations normalized to unity today. This model arises from assuming that 
galaxy intrinsic ellipticities are linearly related to the tidal held with an unknown proportionality constant, Aj. This constant 
quantihes the degree of alignment between red galaxies and the tidal held as a function of the mean r-band luminosity of 
the sample. Ci Pcrit = 0.0134 is a normalization hxed by c onvention to the resu lts of the SuperCOSMOS intrinsic alignment 
measurements (IBrown et al.M2002l : iHirata fc SeliakI l2004l : iBridle fc Kingl 120071) . Eq. ([T]) also relies on the assumption that 
galaxies adopt preferential elongations at the time of formation and they preserve that informati on throughout the a ssembly 
of the large-scale structure. We use the non-linear matter power spectrum Ps{k, z) from CAMB (IHowlett et al.ll2012l ~). which 
uses the HALOFIT correction I Smith et al. 2003h . While this procedure does not fully capture the non-linear evolution of 
alignment s, it has been shown to reproduce alignments on small scales with reasonable accuracy and it is wi dely used in the 
liter ature dHirata et al. 2007 ; Bridle fc Kind 2007 ; Blazek. McQuinn fc Seliak 2011 ; Chisari fc Dvorkin 2013l l. 


Joachimi et al 


1 20111) measured the strength of alignment from a sample of Luminous Red Galaxies (LRGs) in the SDSS 


as a function of redshift and r-band luminosity. They found that the non-linear alignment model is a good fit to the data, 
with a normalization constant of 


AriU) = (5.76t;):^^) ( ^ 


O+0.25 

•^- 0.2 


( 2 ) 


where Lq is a pivot luminosity corresponding to an absolute magnitud e of Mo{z) = —22 — 1.22 — hlogjQ h where the redshift 
evolution of Mn is account e d for in the 1.22 term (jFaber et al.l 120071 ') and we correct for our use of /i = 0.67 rather than 
/i = 1 as in .Toachimi et al. 1 201ll i. We do not consider redshift evolution of the int rinsi c alignment amplitud e beyond that 
of the “primordial” alignment model of |Catelanj_j<arruonkowski_^_^landfoM ll200ll ~) , as IJoachiml et al.l (1201 il l find it to be 
consistent with that model. More recently ISingh. Mandelbaum (2014) measured the strength of alignment from the 


LOWZ sample of red galaxies in the Sloan Digital Sky Survey III llDawson et al. 


201 .‘ll i , including i ts dependence on redshift and 


lumin osity. The LOWZ galaxies are selected to extend the LRG population to fainter magnitudes. ISingh. Mandelbaum fc More 
1 2014h found a re dshift eyolution c onsist ent with primordial alignments, and an r-band luminosity dependence in agreement 
with the results of I Joachimi et al.l ll2011h for brighter galaxies. They also found evidence of an excess of power in the intrinsic 
alignments of LOWZ galaxies on scale < 1 Mpc/h with respect to the non-linear alignment model, which they modelled using 
a halo model for alignments ( Schneider fc Bridlel 201ol i. However, CMB lensing has little sensitivity to such scales, and we 
thus do not consider them in this work. 

The convergence field inferred from galaxy shapes has two components, ks = kq + ki . One is due to weak gravitational 
lensing, Ka (G, in short), while the other one is due to intrinsic shapes, kj (later referred to as I). All galaxies contribute to 
Ka, while only early-type galaxies are thought to contribute to kj. 

The cross-correla tion of the CMB lensi n g convergence field and the convergence from galaxy shapes has thus two compo¬ 
nents, as described in iHall fc Tavloil (l2014l ~): iTroxel fc IshakI (l2014al '). The intrinsic alignment component can be modeled by 
weighting Eq. © by the fraction of red galaxies, /red(-z), as a function of redshift. The physical interpretation of the intrinsic 
alignment contribution to this cross-correlation is that the same density field that acts to align galaxies is lensing the CMB. 
The angular power spectrum corresponding to this component is given by 


Jo 


dz 


Hjz) W^^^{z)P.4z)piz) 
c x^{z) 


Psiil = kx,z), 


(3) 


where p( 2 ) is the redshift distribution of galaxies with shapes (normalized to an integral of 1 over the full redshift range 
prob ed), x is the comoving distance as a function of z and W^^^{z) is the CMB lensing kernel given by ( Lewis fc Challinor 

2006t) 


vfcmb(,) = 

2c H(z) \ X 

where x* is the comoving distance to the surface of last scattering. Note that Eq. does not depend on the bias of the 
galaxy sample with respect to the overdensity field. In comparison, typical measurements of the intrinsic alignment strength 
from overdensity-shape cross-correlations rely on simultaneously constraining the galaxy bias from clustering measurements. 
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4 Chisari et al. 


The cross-correlation of CMB leasing with galaxy leasing cannot be measured in isolation. Its power spectrum is given 


by 


poo 

Jo 


H{z) W^{z)W'-^^{z) 
c x'^iz) 


P{1 = kx{z),z), 


(5) 


where the galaxy lensing kernel is 


(1 + 


x(*)/ 


-X(2) 


2c H{z)'^^~'J, 

The cross-correlation of galaxy shapes and CMB lensing, ( 7 '^s«;cmb^ jg g^jjj q£ lensing and alignment contributions. 
Alignments and lensing distort the ellipticities with opposite signs: alignments tend to decrease the lensing amplitude, and 
thus the two signals need to be modeled jointly. 

The associated uncertainty in measuring this cross-correlation, which combines accounts for the constributions of cosmic 
variance, galaxy shape noise and noise in the lensing maps is given by 


Var[C'°+^^"^“^(Z)] = [(2Z + Ij/.ky]’ 


-b Cf^ + Ci" -b "" 


nn) 


(7) 


^£^«;CMBKCMB _|_ jY«CMB^ _|_ ^ 

where no is the effective surface number density of galaxies with shapes per steradian I Chang et al. 2013ll and is the shape 
noise per component of the ellipticity. The S/N for the detection of the cross correlation of CMB lensing and galaxy shapes 
is given by 

((^(G-|-/)kcMB 


= E 


Var[Cl‘^+^l”cMB (;)] ■ 


( 8 ) 


To quantify the signal-to-noise ratio for f uture surveys we must compute the CMB lensing reconstruction noise, . 

We use the quadratic-e stimator formalism of Hu fc Okamoto ( 2002l l to d erive the noise level app ropriate for an ACT-like 
survey ( Das et al.ll2014 1. For a current generation survey such as ACTPol I van Engelen et al.ll2014h . the quadratic estimator 
predicts that the improved map sensitivity and the inclusion of polarisation measurements results in a decrease by a factor 
of 2 of the noise level with respect to the AC T experiment. Similarly, we find a factor of 3 reduction for the next generation 
AdvancedACT survey ( Calabrese et al.ll2014 l. Note that we assume a white-noise-only primary CMB noise spectra, neglecting 
atmospheric noise; this slightly underestimates the true lensing reconstruction noise. This effect will be less important for 
lensing reconstruction from polarisation. The assumed noise for the galaxy shear convergence field is also optimistic, as we 
only consider pure shape noise and cosmic variance, and we do not model the convergence field reconstruction. 


3 MODELING THE EARLY-TYPE GALAXY POPULATION 


For a generic magnitude-limited survey in r or i optical bands, w e construct in this section a model for the fraction of 
red galaxies subject to alignment. We follow Ijoachimi et al.l (1201111 in modeling the r ed (early-typ e) galaxy populati on, in 
conjunction with the observed red galaxy Schechter luminosity function I Schechtei 1976) observed by Faber et al.l ll2007l). The 


former measure the luminosity function of red galaxies in the combination of SDSS I Bell et al]l2003 ) and 2dF (Madewick et al. 


2002 !) surveys at low redshift {z < 0.1), and COMBO-17 ( Bell et al. 2004 ) and DEEP2 i Willmer et al. 20061 ) surveys at high 


redshift {z > 0.2). We fit these measurements in the range 0.04 < z < 1 .2 and we extrapolate to z < 0.04 or 2 : > 1.2 based 
on this linear fit. The lumin osity function of red galaxies in iFaber et al.l (120071 ) is measured in B band (Vega). We apply the 
relevant conversions to AB I Willmer et al. 200fl ) to relate the luminosity function to the observed apparent magnitudes of 
galaxies in CS82. 


■loachimi et al.l (120111 ) made a forecast of the intrinsic alignment angular power spectrum in an r-band magnitude limited 


survey. Here, we find it necessary to work also with an i-band limited survey, which resembles more closely the CS82 survey. 
Given a limiting magnitude rum, the minimum R-band absolute magnitude of the galaxies observed at a given redshift is 
given by 

(Ar.\ 


Afmin (:2, riinx) — riini 


Slogi 


25 -b kj-ed,r(^Z^ 


+ {B-r){z), 


(9) 


VMpc J 

where k^ed.r is the A-correction for red galaxies in the r band, is the luminosity distance in Mpc. An analogous expression 
holds for an i-band limited survey. We approximate the evolution of the rest-frame colo r as {B — r){z) ~ (g — r)(z), since g 
and B cover the same wavelength range, and similarly for B — i. Ijoachimi et al.l (1201 ll) assumed that B — r did not evolve 
significantly (compared to the uncertainties in choice of luminosity function), but this ceases to be true beyond 2 ~ 1, so we 
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Early-type galaxy alignments and CMB lensing 5 


account for evolution explicitly in the last term of Eq. This redshift evolution is not applied in the case of the reference 
magnitude, Mo{z), since Eq. Ois fit to the data under the assumption of no evolution of B — r. 

if + e corrections account for the intrinsic evolution of galaxies and for the fact that a given filter overlaps with different 
parts of the spectral energy distribution of a galaxy at different redshifts. These corrections are needed to go from absolute 
to apparent magnitudes. To calculate K -\-e corrections, we assume that red galaxies can be modeled as a single burst of star 
formation at t — 13.32 Gyr (“Passive” model). Alternatively, we consider a single burst at the same redshift that is followed 
by a constant star formation rat e that accounts for 5% of the final mass (“Passive+SF” model). This is the same procedure 
as adopted by Wake et al. ( 2006h . who find that these two models re produce the Q — i c olours of LRGs. We have verified there 
is go od agreement between the observed LRG spectrum observed by Wake et al. ( 2006l f and the model templates constructed 


from 


Bnrxua^&Chaito ( 2003ll . We have also found good agreement between for the color evolution (q — r and r — i) computed 


by ^^k^tjajJ (2006) and for g — i and r-band K + e corrections as a function of redshift ( Joachimi et al.l 2011 ') for the two 


models. Wake et al. 1 20061 ) find a small offset between the g — r and r — i colours of LRGs and in the models. For the purpose 
of this work, we rely on g — i colours, which are well reproduced by the models. 

The minimum absolute magnitude corresponds to a minimum luminosity, 

t/jnin (^, rii] 


Lo(z) 




a(2^nim)--^0(2)] 


( 10 ) 


The observed number density of red galaxies per comoving volume is obtained by integrating the Schechter B-band luminosity 
function for red galaxies above the limiting magnitude, 

Tmin(^5 riij] 


nv,red(2) = <l>*(z}r O' + 1, 


L*(z) 


( 11 ) 


and the fraction of red galaxies is obtained as the ratio between Eq. m and the total comoving number density of galaxies 
with measured ellipticities in the survey, 

X\z)x'iz) 


P / \ _ ^Vjred ('2, Tiim) 

Jred(Z) = 

TlV,tot(z) 


^np{z 


■f 

JL, 




dL(t>{L,z) 


( 12 ) 


Notice that the use of the effe ctive number of galaxies in the survey in the Eq. m implicitly assumes that all galaxies 
observed bv iFaber et al.l (120071 1 to construct the luminosity function pass shape cuts; this is a cons ervative assump t ion. I f 
fewer red galaxies had measured shapes, the alignment contamination would decrease. For example, IJoachimi et al.l (120111 1 
found that only 50% of the galaxies in the MegaZ-LRG sample had measured shapes. For modeling the alignments of blue 
galaxies, we assume that the fraction of blue galaxies is given by /blue( 2 ) = 1 — frediz). 

Finally, for modeling the luminosity dependence of the strength of alignment (Eq. [2|), we compute the mean r-band 
luminosity of the galaxies to some power ft, 


(B^) 


E[z) 


Lo{z) 


with g = 1.13 for the IJoachimi et al.l (I 2 OIIII alignment model constraints. 


^ T{a + P + 1,L^,^/L*) 

F (m -)- 1, LiYavaj L*) 


(13) 


4 RESULTS 


We now apply the model of the number of early-type galaxies developed in Section [3] to compute the intrinsic alignment 
contamination to the cross-correl ation of weak grav itational lensing and CMB l ensing from t he CS 82 survey and the ACT 
CMB experiment as measured bv iHand et al.l (l2015l i. We assume p{z) as given in iHand et al.l (l2015l f . 


p{z) 


z°- + 
z^ c 


(14) 


and we adopt their best fit parameters for {a,6, c}. We normalize the p{z) to 1 in the range 0 < z < 6. We also adopt as 
fiducial properties of the CS82 survey: a limiting magnitude of iam = 24.1, a shear dispersion per component of a.y = 0.26, 
nn = 8.5 effective weighted galaxies with shapes per arcmin^. The CS82 sample of galaxies with shapes includes some galaxies 
above him = 24.1. For this reason we also repeat our calculations assuming a deeper survey, to him = 24.7. 

In Figure [ 1 ] we show the estimated fraction of early-type galaxies as a function of redshift in the CS82 survey. The black 
solid line represents the model in which all galaxies evolve passively from t = 13.32 Gyr, when they formed all their stars, to 
the present epoch. The dashed line corresponds to the model where red galaxies form 95% of their stars at a light travel time 
t = 13.32 Gyr and continue for ming stars at a con stant rate until today. The red fraction decreases at high redshifts, which 
is consistent with the results of iFaber et al.l ([20071), who find that the comoving number density of blue galaxies is roughly 
constant to « ~ 1 while that of red galaxies monotonically increases towards z = 0. At z < 0.4, the fraction of red galaxies 
also decreases, but this behaviour is quite sensitive to the redshift dependence of dN/dz in the CS82 survey and can change 
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6 Chisari et al. 



Redshift 

Figure 1. Estimated fraction of red galaxies observed in the CS82 imaging survey as a function of redshift. The fraction is obtained 
assuming that the survey is limited in i-band to an apparent magnitude of 24.1. The solid lines correspond to the case where red galaxies 
evolve passively from t = 13.32 Gyr to the present, while the dashed line corresponds to galaxies with a burst of star formation at 
t = 13.32 Gyr and constant star formation until z = 0, which contributes to form 5% of the final mass. The dark gray line corresponds 
to a deeper survey, with inuj = 24.7. The light gray line represents the redshift distribution of galaxies in the CS82 survey, arbitrarily 
normalized. 


quite significantly within the allowed range of uncertainty for that function. For him = 24.1, there are 2.1 red galaxies per 
arcmin^. This corresponds to ~ 26% of the effective number of galaxies per arcmin^ in CS82. 

In Figure [2] we show the fractional contribution of intrinsic alignments to the angular power spectrum ^ 

the left panel, the lines correspond to the same models as in Fig. [T] Intrinsic alignments contaminate the total galaxy shape- 
CMB lensing convergence angular power spectrum at a level of < 10% in the CS82 and ACT cross-correlation measurement 
and for the passive evolution model. This case is also shown in Figure O where we show the angular power spectrum of the 
CMB lensing-galaxy lensing cross-correlation for the combination of ACT and CS82 in the cases with and without intrinsic 
alignments. The impact of intrinsic alignments is clearly within the current error bars. Moreover, our noise estimates are 
optimistic both for the CMB lensing convergence and of the galaxy convergence field, as discussed in Section 

The uncertainty on the star-formation activity of LRGs results in about 1.6% decrease of this estimate, and uncertainty 
in magnitude limit of the survey, an increase of 0.3%. Due to the paucity of red galaxies at redshift ^ 1.2, this result is 
not too sensitive to the details of the luminosity function of red galaxies at those redshifts. The contribution of red galaxies 
with 2 > 1.2 to the galaxy lensing-CMB lensing cross-correlation is only 0.9%. Our results do not change significantly if we 
consider the possibility that the luminosity function of red galaxies re mains constant above z = 1.2. Allowing the intrinsic 
alignment amplitude to increase within the Icr constraint obtained bv I.Toachimi et al.l (|2011h . the maximum contamination 
from alignments increases to 10.6%. 

We consider the contribution of late-type alignments b y using the non-linear alignment model with the blue galaxy 
alignment strength constrained bv iMandelbaum et al.l (120111) and a blue fraction given by 1 — /red- This amplitude for late- 
type alignments, while consistent with null, could lead to a 9.5% contamination within the 95% confidence level constraints 
on the alignment strength of blue galaxies. Assuming that we are allowed to e x trapo late from low and intermediate redshifts 
{z ~ 0.6) to the full redshift range considered for CS82, Mandelbaum et al. ( 201lh constraints on blue galaxy alignment s 
are the most stringent to this date. If we consider the Icr inferred late-type alignment amplitude of Hevmans et al. 1 2013l ~l. 
which probe s up to z = 1.3, we ob tain a maximum contamination of 9.2%. This estimate includes the contribution of blue 
early-types I Schawinski et al. 2009l l up to z = 1.3, which would have been mis-classified as late-types based on their spectral 
energy distribution. Blue galaxy alignments contamination is shown in the m i ddle p anel of Figure [2] Contamination from 
tang ential alignments (positive bounds) is allowed at Icr from iHevmans et al.l 1 2013^ and within the 95% confidence levels 


from Mandelbaum et al. (201 


[ 3 ). 


Above z = 1.3, there remains the possibility that the majority of early-types are blue and subject to alignments. Current 
observations cannot rule out this possibility. As a worst case scenario, we assume that all galaxies at z > 1.2 are subject to 
alignments. For a magnitude limited survey, red galaxies observed at higher redshifts will be on average brighter than the 
average of the population at lower redshift. Because the alignment strength increases with luminosity, the observed early-type 
galaxy population at higher redshifts has an enhanced Ai compared to galaxies at lower redshifts. This effect competes with 
the paucity of early-type galaxies at z > 1. This is a Malmquist bias-like effect, and it would not be present in a volume-limited 
survey. Malmquist bias acting on the high redshift galaxies can lead to arbitrarily large alignment amplitudes in the current 
model (see Eq. O, and hence we neglect the luminosity dependence of Aj in this ca se. Instead, we match the high redshift 
alignment strength to the maximum low redshift value for this estimate {Ai = 16.09. IJoachimi et aLlbOUl l. In this case, the 
alignment contribution to the galaxy shape-CMB lensing cross-correlation can be as high as ~ 60% of the total signal. 
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Figure 2. The ratio between intrinsic alignments-CMB lensing cross-correlation and weak lensing convergence-CMB lensing cross¬ 
correlation for CS82. The left panel represents our fiducial scenario, where only red galaxies up to a redshift of ~ 1.4 contribute to 
alignments. The solid lines are obtained by assuming that red galaxies evolve without forming stars from t = 13.32 Gyr to the present, 
while the dashed line corresponds to galaxies with a burst of star formation at t = 13.32 Gyr and constant star formation until 2 = 0, 
which contributes 5% of the mass at 2 = 0. The gray line corresponds to a deeper survey, with zjim = 24.7, to account for the faint tail of 
the CS82 sources. The mid dle panel shows t he con straints on contamination from blue galaxy alignments from iMandelbaum et all l|201ll . 
95% confidence level) and iHevmans et al. I j-'Ul.l la) within the current uncertainty levels. Notice that a small amount of tangential 
alignments are allowed within the current error b ars. The right pan el shows the impact of the uncertainties in the dNjdz for CS82 
applying the different functional forms suggested bv iHand et ahl ll2015h . The effect of shifting the position of the peak of dNJdz to higher 
(lower) redshift decreases (increases) the passive galaxy alignment contamination to 8.1% (11%) at its maximum (/ ~ 200) and for the 
passive galaxy model. These scenarios correspond to labels (1) and (2), respectively. Increasing (decreasing) the predominance of the 
redshift tail changes the alignment contamination to up to 12% (down to 6.9%) at / ~ 200; curves (3) and (4), respectively. 


This suggests the cross-correlation with CMB lens i ng is a pro mising avenue t o constr ain the a mplitude of alignments at 
high r edshift, as originally suggested by Hall fc Taylor (2014) and Troxel fc Ishak (2014a). Indeed, Kitching. Heavens fc Daa 
( 2014!) have suggested that intrinsic alignments in the KiDS survey could be calibrat ed through the use of CMB lensing 
information from ACTPol. We have made use of the shear-CMB lensing correlation of Hand et al. ( 2015h to constrain the 
allowed contribution from intrinsic alignments using our fiducial model and our fiducial cosmology. If alignments were the 
only systematics at play, a best-fit ~ 24% contamination would be required to bring t he measurements in agreement with the 
ACDM expectations. Changing the assumed dN/dz for CS82 as in iHand et al.l (120151 ). this result can vary from 15% to 30%. 
For the hducial redshift distribution, a 60% contamination would be allowed at the 68% confidence level, and hence our worst 
case scenario cannot be fully rejected. This result also suggests that our lack of knowledge of intrinsic alignments at high 
redshifts can hamper CMB lensing-galaxy lensing cross-correlations and this could be mitigated by removing the high redshift 
tail of lensed galaxies from the cross-correlation, thus restricting to the redshift range where alignments are well characterized 
by current observations. Removing the high redshift tail of the CS82 galaxy sample would result in 30% reduction in the 
signal-to-noise of the measurement; but in practice the feasibility of this exercise would be dependent on the quality of the 
photometric redshifts and the ability to separate the high -2 tail. _ _ 

The redshift distribution of galaxies in CS82 is subject to some uncertainty. Hand et al. ( 20151) attributed their original 
discrepancy between the observe d amplitude of the cross-correlati on of galaxy lensing and CMB lensing and the expected 
value based on Planck cosmology ( Planck Collaboration et al IB) to uncertainties in the p{z), which can result in 10 — 20% 
changes in the amplitude of the expected cross-correlation. They consider the effects of changing the p{z) by changing the peak 
value of the distribution in Az = ±0.1, and they also consider modifying the parameter b in Eq. m by ±30% to change the 
relative weight of the high redshift tail. We have considered similar modifications to the p{z) and observed that shifting the 
peak of the distribution to lower (higher) redshift increases (decreases) the passive galaxy alignment contamination to ~ 11% 
(8.1%) at its maximum (I ~ 200) and for the passive galaxy model. The effect of increasing (decreasing) the predominance 
of the redshift tail changes the alignment contamination by up to 12% (down to 6.9%) at I ~ 200. The different dN/dz cases 
are shown in the right panel of Fig. [2l 

Previous work by Hall fc TavloiT i 2014l )and Troxel fc IshakI ( 2014ah estimated a contamination from intrinsic alignments 
to galaxy lensing-CMB lensing cross-correlation of 15% using low redshift (z ~ 0.1) constraints on the contribution from 
intrinsic alignments. In this work, we have used up-to-date measurements of intrinsic alignments at higher redshifts (in better 
agreement with the CS82 dN/dz) and as a function of redshift, galaxy color and absolute magnitude to obtain new estimates 
of contamination to galaxy lensing-CMB lensing cross-correlation. Our fiducial model indicates that the contribution of red 
galaxies is < 10% under pessimistic assumptions. The blue galaxy alignments contribution is consistent with null, but it could 
have a comparable contribution to that of early-type galaxies (~ 9. 5%) within the current uncertainty level. Overall, the 
fiducial results are in good agreement with Hall fc Tavlor ( 2014 ) and Troxel fc IshakI ( 2014a ) estimates. The contribution of 
intrinsic alignments remains non-negligible and should be taken into account in this type of cross-correlation measurement. 
Moreover, large uncertainties remain regarding the potential contribution of alignments at higher redshifts. 
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Figure 3. The CMB lensing-galaxy shape cross-correlation, as forecast from our model for CS82xACT as in iHand" et alj ||2015| V The 
dashed line represents the case with no intrinsic alignments, while the solid line takes them into account, lowering the amplitude of the 
cross-correlation by Ri 10%. The intrinsic alignment impact is well within the error bars of the measurement, which are shown centered 
on the model of galaxy shapes that includes intrinsic alignments. The forecast signal-to-noise on compared to the actual 

measurement of I Hand et al.l ||2015| V This can be attributed to neglecting the atmospheric noise contribution in the ACT temperature 
map which leads to an underestimation of , and also to a subestimation of the noise in the galaxy shear convergence, which we 

model as a combination of shape noise and cosmic variance. 


Liu fc Hilll (l2015l i found a discrepancy between the expected CMB lensing-galaxy leasing cross-correlation from Planck and 


CFHTLenS, at much higher significance than the Hand et al. 1 2015li measurement. The redshift distribution and magnitude 
limit of the CFHTLenS shear sample are sufficiently similar to CS82 that we do not expect major differences in the estimate 
of alignment contamination. Assuming no other systematics are at play, it would be challe nging to come up with an alignment 
model that could reconcile at the same time the Liu fc Hill 1 2015l ~) and Hand et al. 1 20151 ) results with the expectations from 
Planck and WMAP9. It is likely that other systematics are at play. 


5 LIMITATIONS FOR FUTURE SURVEYS 

Future surveys will detect the cross-correlation of CMB lensing and galaxy lensing to high significance. For simplicity, we 
neglect the impact of intrinsic alignments to estimate the signal-to-noise of this measurement for a next generation of ex¬ 
periments. We assume that nci increases to 26 arcmin~^ as expected for the LSST survey, with a redshift distribution of 


dz 


oc z exp 


(15) 


where a = 1.24, zo = 0.51, 0 = 1.01, an d spanning a range of 0.1 < z < 3 I Chang et al. 201,ll '). The median redshift of LSST 


galaxies is « = 0.83 (|Ivezic et al.N2008f ). For the noise in the CMB lensin g reconstruction, we first assume a decrease by a 


factor of 3 for the completed ACTPol experiment ( van Engelen et al. 2014h relative to the ACT experiment ( Das et al. 2014 1. 
LSST will cover 18, 000 deg^ in a “deep-fast-wide” mode, hen ce the cross-correlati on will rather be limited to the area of 
overlap with ACTPol. ACTPol is expected to cover 3000 deg^ ( Niemack et al. 2O10h and we thus assume that /sky increases 
to 0.07 in comparison to 0.003 for the ACT-CS82 cross-correlation. With LSST and ACTPol, the cross-correlation of galaxy 
lensing and CMB lensing could be det ected with a signal-to -noise ratio ~ 10 times larger than current measurements. We 
also consider an AdvACT-like survey (ICalabrese et al.ll2014l l. with a full overlap with LSST. AdvACT will take data from 
2016 to 2018, and is thus in good synergy with LSST. For AdvACT, we expect the signal-to-noise for detection of CMB 
lensing-galaxy lensing cross-correlation will be ~ 30 times larger than for current measurements. For both experiments, the 
improvement of the S/N over the combination of CS82 and ACT is mostly driven by the increase in the area. However, we 
emphasize that S/N forecast tend to be optimistic given the current modelling of the CMB lensing noise and the noise of the 
galaxy convergence, as discussed in Section (4] 

The limitations of the applicability of our formali sm to future surveys a re the following. First, intrinsic alignments of red 
galaxies have been so far constrained up to z = 1.3 ( Hevmans et al. 2013I L below the maximum redshift probed by future 
surveys. Several uncertainties remain at higher redshift. It is unclear whether the distinction between red and blue galaxies 
can separate the populations with and without intrinsic alignments at high redshift. The alignment mechanism most likely 
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depends on the galaxy dynamics and formation history, rather than color. The fraction and Ai of aligned galaxies at higher 
redshift remains unconstrained and we have shown that galaxies at high redshift could contribute very significantly to the 
cross-correlation of CMB lensing and shear (~ 50% of the total signal). Ideally, constraints on alignment strength would be 

done jointly with luminosity function estimates, which would impro ve the modeling of Ai and of the aligned fraction. _ 

Moreover, while studies of the evolution of red galaxy alignmentsJjoachim^_et_aL|20n Singhj_^andelbaum&_^or^[20M ) 


have shown it to be consistent with the tidal alignment model ( Catelan*'l^amionkowskifcBiandfo^ 2001 : Hirata fc Seliak 


200411 . at higher redshifts future studies must test the assumption that galaxies obtain their alignments at formation. Even 


under the optimistic assumption that current models can be extrapolated to z > 1.2, the uncertainty in the alignments of 
blue galaxies is still so significant as to contribute up to a similar percentage of contamination as early-type galaxies to the 
shape-CMB lensing correlation of ACT and CS82. 

Third, the power-law dependence of Ai on luminosity has been measured from magnitude-limited surveys which do not 
probe as faint galaxies as future surveys will probe for cosmic shear measurements. As future surveys reach f ainter i ntrinsic 
luminosities, it is possible that t he power-law exponen t of Eq. ([21) will change. For example, Tenneti et al. ( 2014bll find a 
shallower luminosity scaling than ijoachimi et al.l (1201111 for intrinsic alignments in hydrodynamical numerical simulations. 

The scale-dependence of the intrinsic alignment signal is currently poorly understood on small scales. The non-linear 
alignment model is based on assumin g that the physics is linear, and that the linear power spectrum can be simply replaced 
by its non-linear analogue in Eq. © (IBridle fc KinduOOTI ) . A halo model has been developed to provide additional degrees of 
freedom on the description of alignments on small scales (ISchneider fc^nd^ 20K ), but it does no t fully capture the effects 
of the large-scale structure on alignments, i.e., the effect of filaments (lAltav. Colberg fc Crofdl200f: ). Recently, the validity of 


Singh. Mandelbaum fc More 


these models has been tested with observations of alignments in the LOWZ galaxy sample by 
(201J). These authors find that the combination of the halo model on small scales (< IMpc/h) with the linear treatment on 
large scales does not reproduce the observed scale-dependence of the alignment signal, and hence a combination of the one-halo 
term and the non-li near alignment model is typica lly preferred. Nevertheless, this combination is hard to interpret physically. 
The recent work by Blazek. Vlah fc SeliakI (120151 1 marks an improvement in this direction, building a more thorough morel 
for alignments on small scales. These uncertainties in the modeling of alignments at intermediate scales can propagate into 
cosmological parameter biases in future surveys. 

Finally, the redshift distribution and selection effects on galaxies with shapes are subject to significant uncertainties. 
We showed in the previous section that the uncertainty in the CS82 dN/dz has a significant impact on the estimate of the 
contamination from intrinsic alignments. 

In preparation for large-scale imaging surveys such as Euclid and LSST, these issues need to be addressed. While deeper 
surveys would provide a wealth of information on the scale-dependence, luminosity dependence and redshift dependence of 
alignments, other promising methods are starting to be deve loped. Hydrodynami ca l cosmological sim ulations are beginning to 
explore open questions in the physics of intrinsic alignments ( Tenneti et al. 2ni4al 3; Codis et ahlbPlJl. Puzzlingly, simulations 
sugge st that blue galaxy alignments, consistent with null in low redshift observations jMandelbaum et al.ll2011 ; He£mans_et_al, 


201^T could contribute significantly to the alignment signal at z > 1 I Codis et al. 2014h . On the other hand, 


Tenneti et al. 


( 2014bl ') reproduce the observed alignments of red galaxies at low redshifts, and are able to make predictions for the amplitude 
of alignments for typical LSST source galaxies. 


6 CONCLUSIONS 


The cross-correlation of galaxy lensing and CMB lensing, first measured by iHand et al.l (1201511 . probes the dark matter 
distribution at intermediate redshifts and can help determine multiplicative biases in shear measurements ( Vallinot© 2012 ; 
Das. Errard fc Snergel 2013ll . This cross-correlation is, however, not measured in isolation - intrinsic alignments contribute 
an additional component. 


In this work, we have applied a model of the red galaxy population based on iJoachimi et al.l (120111) to estimate the 
intrinsic alignment contamination to the cross-correlation of the convergence field derived for galaxy shapes and the lensing of 
the CMB. In the case of the CS82 imaging survey, combined with CMB lensing measurements from ACT, we have estimated 
the contribution of int r insic alignments to be 9.6%. Previous works had placed an upper limit for this co ntamination at 15% 
( Troxel fc Ishak|[2014a ; Hall fc Tavloi 2014 ) relying on low redshift estimates of the alignment amplitude ( Brown et al. 2002 ). 
Using more up-to-date observational constraints of alignments that include colour, redshift and absolute magnitude depen¬ 
dence, our fiducial results suggest that those previous estimates are not significantly modified. Apart from the contribution 
of early-type galaxies, blue galaxy alignments could contribute to the shear-CMB lensing cross-correlation by up to a similar 
amount within current uncertainties. 

However, at z > 1.2, alignments remain unconstrained. If all galaxies above this redshift are subject to alignments with a 
similar strength as low redshift LRGs, the cross-correlation of CMB lensing and galaxy shear could be largely decreased (with 
alignments contributing up to ~ 60% of the total signal). This large uncertainty suggests that this cross-correlation could 
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10 Chisari et al. 


be used to estimate alignments at high redshifts, as initally suggested bv iHall fc Tavlod (1201411 and iTroxel fc IshakI (l2014al l. 
It also suggests that, for current CMB lensing-galaxy lensing cross-correlations, removing sources in the high redshift tails 
would be a viable option for reducing t he uncertainties due to intrinsic alignments. 

In preparation for future surveys (ILaureiis et al.ll201ll : ILSST Dark Energy Science CollaboratiorJ 1201211 . the scientific 
community is currently planning to achieve better constraints on the redshift dependence, luminosity dependence and the 
galaxy population subject to alignments, as well as the evolution of the luminosity function of this population using on-going 
surveys such as Hyper Suprime- Cairj^, the Dark Energy Survej@, the Kilo-Degree SurvejQ and Pan-STARR^. 
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